RNA polymerase V (Pol V) long noncoding RNAs (lncRNAs) have been proposed to guide ARGONAUTE4 (AGO4) to chromatin in RNA-directed DNA methylation (RdDM) in plants. Here, we provide evidence, based on laser UV-assisted zero-length cross-linking, for functionally relevant AGO4-DNA interaction at RdDM targets. We further demonstrate that Pol V lncRNAs or the act of their transcription are required to lock Pol V holoenzyme into a stable DNA-bound state that allows AGO4 recruitment via redundant glycine-tryptophan/tryptophan-glycine AGO hook motifs present on both Pol V and its associated factor, SPT5L. We propose a model in which AGO4-DNA interaction could be responsible for the unique specificities of RdDM.
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Received September 8, 2016; revised version accepted November 17, 2016. In fungi, plants, and animals, repeats and transposable elements (TEs) are transcriptionally silenced by packaging of their DNA in a condensed chromatin state (referred to as heterochromatin), established by a set of conserved and specific chromatin-modifying enzymes and characterized by DNA methylation and/or histone modifications (Law and Jacobsen 2010) . In addition, small RNAi silencing pathways are universally used by eukaryotes to promote heterochromatin formation and transcriptional gene silencing (TGS) at TEs and repeats (Holoch and Moazed 2015) . Central to the activity of these nuclear RNAi pathways are Argonaute (AGO)/PIWI members of the AGO family that bind TE/repeat-derived singlestranded small RNAs to form RNA-induced transcriptional silencing (RITS) complexes that transmit the silencing signal (Holoch and Moazed 2015) .
Historically, two models involving base-pairing with target DNA or nascent RNA transcribed at the target loci have been invoked to describe the guiding action of small RNAs in TGS (Matzke and Birchler 2005) . However, the detection in fission yeast of RNA polymerase II (Pol II) scaffold RNAs required for RITS recruitment and heterochromatin formation tilted the balance in favor of a RNAbased mode of RITS action known as the "nascent transcript model" (Verdel et al. 2004; Holoch and Moazed 2015) . Subsequent studies on RNA-directed DNA methylation (RdDM) in plants and nuclear RNAi in animals, many of them inspired by the yeast model, generalized the notion of a requirement of transcription for the establishment of TGS at target loci (Wierzbicki et al. 2009; Sienski et al. 2012) .
RdDM is unique among small RNA-mediated chromatin modification pathways in eukaryotes because it relies on Pol IV and Pol V (two plant-specific homologs of Pol II) for activity (Lahmy et al. 2010) . Pol IV long noncoding RNA (lncRNA) precursors are thought to contributevia the concerted activities of RNA-dependent RNA Pol 2 (RDR2) and DICER-like 3 (DCL3)-to the biogenesis of 24-nucleotide (nt) siRNAs that, upon loading into AGO4-clade proteins, lead to the assembly of an AGOsiRNA RITS-type complex that guides the DOMAINS RE-ARRANGED METHYLTRANSFERASE 2 (DRM2) for DNA methylation of homologous genomic sequences at cytosines in all sequence contexts (CG, CHG, and CHH, where H is A, T, or C) (Zhong et al. 2014; Matzke et al. 2015) . Recent studies also revealed that Pol IV lncRNAs can also guide RdDM without being subject to any DICER cleavage (Yang et al. 2016; Ye et al. 2016) . Epistasis analysis revealed that Pol V, which does not contribute directly to 24-nt siRNA accumulation, acts downstream from Pol IV to enable RdDM at 24-nt siRNA targeted sites (Kanno et al. 2005; Pontier et al. 2005) . The subsequent detection of Pol V lncRNAs and the demonstration of their association with downstream components of the RdDM pathway, including AGO4, led to the proposal of an RNAbased mechanism for RITS guiding to target loci (Wierzbicki et al. 2008 (Wierzbicki et al. , 2009 . The generality of a Pol V-based targeting model was further supported by whole-genome studies that revealed a high degree of overlap between the sets of genomic regions bound and transcribed by Pol V and those harboring 24-nt siRNA-dependent DNA methylation (Wierzbicki et al. 2012; Zhong et al. 2012; Böhmdorfer et al. 2016) .
Despite recent progress, several aspects of the function of Pol V in RdDM remain to be clarified. In particular, due to the presence of large compositionally conserved glycine-tryptophan/tryptophan-glycine (GW/WG)-rich AGO anchor regions in their C-terminal domains (CTDs), both NRPE1 (the largest subunit of Pol V) and SPT5L (a Pol V auxiliary protein) are likely endowed with high AGO4-binding abilities (El-Shami et al. 2007; Bies-Etheve et al. 2009 ). In-depth phylogenetic analysis reveals a strict conservation of GW/WG motifs in all NRPE1 and SPT5L orthologs, suggesting that these motifs are functionally relevant . However, to date, the functional importance of these conserved AGO4-binding platforms in RdDM remains unclear, an issue that we address in this study and that led us to revisit various aspects of Pol V and AGO4 activities in RdDM and propose an alternative model in which AGO4-DNA interactions could be responsible for the highly specific sequence DNA methylation pattern of RdDM.
Results and Discussion
Pol V and SPT5L AGO hook motifs are functionally redundant and essential for RdDM (1/2)] these motifs (Supplemental Figs. S1A, S2A) and tested their ability to restore the DNA methylation defects resulting from the loss of either NRPE1 or SPT5L, respectively (Pontier et al. 2005; Bies-Etheve et al. 2009 ). Using Chop PCR, McrBC-based methylation, and locus-specific bisulfite sequencing analyses, we found that both Pol V and SPT5L variants were able to rescue DNA methylation defects at all RdDM loci tested ( Fig. 1A ; Supplemental Figs. S1B, S2B). This observation was confirmed and extended by whole-genome bisulfite sequencing analyses (Fig. 1C) . Likewise, gene silencing and 24-nt siRNA production at RdDM loci were also restored in plants expressing both Pol V variant types (Supplemental Fig. S1C-E) . As expected from their intrinsic capacity to restore RdDM, both Pol V variants were associated with chromatin and displayed a similar capacity to recruit AGO4 at target loci (Supplemental Fig. S1F,G) . Taken together, our results indicate that Pol V and SPT5L AGO hook motifs are dispensable for DNA methylation and gene silencing at RdDM loci.
To further test the hypothesis of a functional redundancy between Pol V and SPT5L AGO hook motifs, we crossed the Pol V − (2) and SPT − (1) lines and identified F2 Pol V −/ SPT − offspring lacking both AGO hook platforms. Western blot analysis confirmed that levels of Pol V − (2) and SPT − (1) variants remain almost unchanged in the Pol V − /SPT − line compared with its crossing parents (Fig. 1B, bottom panel) . Chop PCR analysis and locus-specific bisulfite sequencing indicated that CHG and CHH DNA methylation levels at all RdDM target loci tested were reduced in Pol V − /SPT − compared with parent lines, to a level similar to that found in the nrpe1-null mutant ( To unambiguously demonstrate that the loss of RdDM in Pol V − /SPT − results from AGO hook motif depletion but not from an indirect effect, we crossed the Pol V + (2) and SPT − (1) lines and identified Pol V + /SPT − , a plant differing from the AGO hook-minus line only by the presence of Pol V AGO hook motifs (Supplemental Fig. S3B , bottom panel). Functional analyses indicated that DNA methylation and gene silencing at RdDM loci were significantly restored in Pol V + /SPT − , confirming that the defects observed in the Pol V − /SPT − line are directly related − lines. Box plots represent whole-genome CHH methylation ratios at regions previously identified as targeted by Pol V (Zhong et al. 2012) . A dependent two-group Wilcoxon signed rank test was run on methylation at the Pol V sites for Pol V − /SPT − versus Pol V + /SPT − and revealed that there is a significant difference in methylation levels. P < 2.2 × 10 −16 .
to the loss of AGO hook motifs ( Fig. 1C ; Supplemental  Fig. S3B,C) . Taken together, our results support the model of a compensatory yet essential role of SPT5L and Pol V AGO hook motifs for RdDM, providing a rationale to explain their conservation in all NRPE1 and SPT5L orthologs.
AGO hook motifs are essential determinants of AGO4 recruitment to RdDM loci
To assess the exact contribution of the AGO hook motifs to RdDM, we first compared the chromatin association of Pol V in AGO hook-plus, AGO hook-minus, and control nrpe1 lines by chromatin immunoprecipitation (ChIP) assay using antibodies directed against NRPE5, a Pol V-specific subunit ). Despite some variations in ChIP signal strength, all lines showed specific Pol V signals at RdDM loci compared with the nrpe1-null mutant, indicating that Pol V binding is not overly affected by the depletion of the AGO hook motifs ( Fig. 2A, top panel) . In contrast, a ChIP assay using anti-AGO4 antibodies revealed that the chromatin association of AGO4 was strongly decreased in the AGO hook-minus (Pol V − / SPT − ) line compared with the AGO hook-plus [Pol V + (2); SPT − (1) and Pol V + /SPT − ] lines, a loss not due to an intrinsic instability of AGO4 in corresponding plant backgrounds ( Fig. 2A , bottom panel; Supplemental Fig. S4A , B). Northern blot analyses also indicated that the lack of AGO4 association with chromatin is not due to an indirect loss of siRNA accumulation in the AGO hook-minus line compared with wild type (Supplemental Fig. S4C ). Taken together, these results suggest that the RdDM defects observed in the AGO hook-minus line are correlated with a global loss of AGO4 chromatin association at targeted loci.
Although our previous data support the idea of a direct role for AGO hook motifs in AGO4 recruitment to chromatin, the loss of AGO4 binding in the AGO minus line could result from a global decrease of Pol V lncRNA levels due to a Pol V transcriptional dysfunction incurred by AGO hook motif depletion. To address this point, we assessed Pol V lncRNA accumulation in AGO hook-plus, AGO hook-minus, and control nrpe1 mutant lines using quantitative RT-PCR (qRT-PCR). Interestingly, Pol V lncRNAs accumulate to closely similar levels in both AGO hook-plus and AGO hook-minus lines, indicating that the loss of DNA methylation and AGO4 chromatin binding is not directly attributable to a general impairment of Pol V-mediated transcription ( Fig. 2B top panel;  Supplemental Fig. S4D, top panel) . More interestingly, Chop PCR analyses performed directly on Pol V lncRNA-generating loci confirm that the AGO hook motif mutation causes the functional uncoupling of Pol V transcription and AGO4-dependent DNA methylation activities (Fig. 2B, bottom panel; Supplemental Fig. S4D , bottom panel), indicating that AGO hook motifs are essential determinants of AGO4 recruitment to RdDM loci.
Pol V lncRNAs or the act of their transcription mediate the association of Pol V to chromatin
Since our results point out the importance of the Pol V/ SPT5L AGO hook motifs in the binding of AGO4 to chromatin, we investigated their contribution in securing AGO4 recruitment to chromatin with Pol V lncRNAs and focused our analysis on the nrpe1-3/drd3-3 catalytic mutant allele of Pol V ( Fig. 3A ; Kanno et al. 2005 ), a mutant line in which the loss of RdDM was associated with a general defect of Pol V lncRNA production at RdDM loci (Wierzbicki et al. 2008) . In line with these previous results, the nrpe1-3 mutation abolishes Pol V lncRNA production and AGO4 chromatin binding ( Fig. 3B ; Supplemental Fig. S5A ). However, ChIP analyses performed with anti-NRPE1 and anti-NRPE5 antibodies also revealed that Pol V binding to RdDM loci is abrogated in the catalytic nrpe1-3 mutant (Fig. 3C) , an effect that is not due to a general decrease in the stability of Pol V subunits or associated factors in nrpe1-3 (Supplemental Fig.  S5B ). Although this observation precluded us from providing any definitive conclusion regarding the concerted implication of both Pol V AGO hook motifs and lncRNAs into AGO4 recruitment to chromatin, our data provide new insights into Pol V function during RdDM, indicating that transcription initiation and productive elongation are essential to lock the Pol V holoenzyme into a stable and productive DNA-bound state. Although the underlying mechanism remains unclear, the RNA-DNA hybrid formed within the transcription bubble as Pol V elongates could directly stabilize Pol V via the establishment of extensive RNA-DNA hybrid/polymerase contacts, as shown previously in the structure of the yeast Pol II elongation complex (Kettenberger et al. 2004 ).
Evidence for AGO4-DNA interactions at RdDM loci
Despite its wide acceptance, the "nascent transcript" model does not easily explain the strand-biased nature and exquisite degree of specificity displayed by siRNA-guided DNA methylation in RdDM, and other models involving AGO4/siRNA-DNA interaction have been invoked to describe the guiding action of RITS in RdDM (Zhong et al. 2014; Matzke et al. 2015; Wang et al. 2015) . Assessing the interaction between AGO4 and DNA using conventional formaldehyde-based cross-linking approaches would be difficult given the existence of the intricate network of molecular interactions among components of the active Pol V holoenzyme revealed by this study. Indeed, these approaches generate extensive protein-protein and protein-nucleic acid cross-links that reveal both direct and indirect interactions (Zentner and Henikoff 2014; Hoffman et al. 2015) . To unambiguously assess the DNAbinding specificity of AGO4 in vivo, we performed ChIP on UV laser cross-linked chromatin (LChIP) (Fig. 4A) . The benefit of laser UV light lies in the fact that it is a zerolength cross-linking agent that generates only direct DNA-protein cross-links when performed under "singlehit" conditions (i.e., no more than 5%-10% of DNA-protein noncovalent complexes are cross-linked) and does not form protein-protein cross-links (Mutskov et al. 1997; Altintas et al. 2011) . Because Pol V has been shown to transcribe bipartite synthetic DNA templates in vitro , we first developed LChIP by looking at Pol V/DNA interaction at both control and RdDM loci. Under optimal conditions for photochemical cross-linking, LChIP analysis using Flag tag antibodies indicated a specific and reproducible enrichment of Flag-NRPE1 on RdDM targets versus control loci (Fig. 4B) . As expected for a specific LChIP signal, DNA was not significantly enriched in the nonirradiated samples (Fig. 4B ). These data confirm that Pol V contacts DNA at RdDM loci and provide proof of concept data for the use of a UV laser device in assessing protein-DNA interaction at RdDM targets in vivo.
To follow up on this observation, we assessed AGO4-DNA interaction by performing LChIP experiments on an epitope-tagged cmyc-AGO4 (mAGO4) line whose functionality was confirmed previously by its ability to restore DNA methylation of RdDM targets in the ago4-1 mutant line (Li et al. 2006) . We found that the mAGO4 LChIP signal was reproducibly enriched over the RdDM loci compared with control loci, as was the Pol V LChIP signal, suggesting that AGO4 also contacts DNA at these loci (Fig. 4C) . To assess the specificity of the AGO4 LChIP signal, we crossed the mAGO4 and nrpe1 lines and retrieved both E1/mAGO4 and e1/mAGO4 offspring expressing similar levels of epitope-tagged AGO4 in either a wild-type or nrpe1 mutant background (Supplemental Fig. S6A ). Chop PCR analysis confirmed that DNA methylation at RdDM loci was abolished in e1/mAGO4 compared with the E1/mAGO4 parent line, in keeping with the idea that Pol V is essential to guide AGO4 to RdDM loci (Supplemental Fig. S6B ). While LChIP experiments performed on the parent line showed a statistically significant enrichment of mAGO4 over the RdDM loci, there was no statistical difference in the binding of mAGO4 on RdDM versus control loci in e1/mAGO4 lines (Fig.  4D) , confirming that the AGO4 LChIP signal is specific and that AGO4 contacts DNA in a Pol V-dependent manner.
Our results shed new light on the previously underappreciated contribution of the conserved AGO hook motifs present on Pol V and SPT5L CTDs, emphasizing the redundant yet essential implication of these motifs in RdDM. In particular, our results suggest that AGO4 is recruited to the Pol V holoenzyme via a protein-based mechanism (Fig. 5) involving multiple AGO hook motifs that are likely to contribute to DNA methylation by the mass action effect of concentrating AGO4 to its site of action. The AGO hook motif-mediated mechanism of AGO4 recruitment proposed in our study provides an explanation for the emergence of a unique transcriptional machinery dedicated to RdDM in plants. We also show that Pol V transcription and/or elongation is essential to lock this enzyme into a productive DNA-bound state (Fig. 5) . This result may explain why the Pol V catalytic mutant fails to display the characteristic punctate immunostaining pattern shown by the wild-type enzyme in Arabidopsis nuclei ). These data suggest an intrinsic lack of stability of Pol V on DNA that could be linked to the single-stranded nature of the Pol V template, as proposed recently in a transcription fork model Matzke et al. 2015) . Whatever the mechanism, a functional consequence of transcriptiondependent stabilization of Pol V would be to increase the local concentration of AGO4 through the AGO hook platforms, thus potentiating interactions with DNA targets. Consistent with this idea, we provide, through laser UV-assisted cross-linking experiments, the first evidence for specific AGO4-DNA interaction at RdDM loci. We propose a model (Fig. 5A ) in which, as Pol V proceeds through transcription elongation, AGO4 would interact with Pol V lncRNAs, likely generating a metastable multimeric complex that would serve as an intermediate for the transfer of AGO4 to the DNA template. Following the interaction with the complementary ssDNA, AGO4-siRNA complexes would recruit DRM2 to the opposite siRNA-like DNA strand for DNA methylation. Such a mechanism, suggesting a possible role for DNA in specifying AGO4-dependent DNA methylation, could easily account for the strand-biased nature and high degree of specificity of DNA methylation in RdDM. One could imagine that the pool of AGO4-siRNA effector complexes associated with the AGO hook platforms would directly inspect both DNA strands for complementary base pairing as Pol V proceeds through transcription elongation (Fig. 5B) . Further studies will help to answer these fundamental questions.
Materials and methods
Establishment of NRPE1 and SPT5L gene constructs, plant material, and growth conditions NRPE1-WG (Pol V + ) and NRPE1-AG (POL V − ) were obtained by swapping the amino acid 1258-1708 region of NRPE1 with multimers of wild-type WG or mutant AG consensus motifs (Pontier et al. 2005 ) in a 2xFlag-containing pCambia 1300 vector. SPT + and SPT − constructs were based on a genomic fragment, including the SPT5L promoter and ORF with or without the AGO hook platform. Further details and plant material are described in the Supplemental Material.
Protein extraction, immunodetection, and immunoprecipitation
Conventional methods for protein extraction, immunodetection, and immunoprecipitation were used as described in the Supplemental Material.
DNA methylation analysis and whole-genome bisulfite sequencing
Genomic DNA used in the Chop PCR, locus-specific, and whole-genome bisulfite sequencing experiments was extracted from flowers buds. Further details are in the Supplemental Material. Sequencing data were deposited to the NCBI Gene Expression Omnibus with accession number GSE67216.
ChIP on formaldehyde cross-linked samples
For each plant line, 2 g of inflorescences was used for conventional ChIP experiments. The ChIP procedure was adapted from Wierzbicki et al. (2008) and is detailed in the Supplemental Material.
LChIP
The LChIP procedure was adapted from the conventional ChIP protocol described above. The washed nuclei were resuspended in 25 mL of Honda buffer without Triton. UV laser cross-linking was performed as described in Mutskov et al. (1997) . Briefly, nuclei were subjected to a single UV laser pulse (E = 0.2 J/cm 2 ) provided by the fourth harmonic generation (λ = 266 nm) of a nanosecond Nd:YAG laser (Surelite II, Continuum) operating at a 10-Hz repetition rate. To ensure homogenous irradiation, nuclei were irradiated in a laminar flowthrough quartz cuvette at a flow rate of 2 mL/ min, corresponding to 35 μL/sec (3.5 μL per pulse), provided by a peristaltic pump. They were then pelleted by centrifugation at 1500g for 15 min, lysed in nucleus lysis buffer, and processed as described above. Immunoprecipitation was performed as for conventional ChIP with slight modifications as described in the Supplemental Material.
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